Contribution of Vg9/Vd2 T lymphocytes to immune protection against Mycobacterium tuberculosis is still a matter of debate. It was reported earlier that Vg9/Vd2 T lymphocytes kill macrophages harboring live M. tuberculosis through a granule-dependent mechanism that results in killing of intracellular bacilli. This study found that Vg9/Vd2 T lymphocytes reduce the viability of both extracellular and intracellular M. tuberculosis. Granulysin and perforin, both detected in Vg9/Vd2 T lymphocytes, play a major role, which indicates that Vg9/Vd2 T lymphocytes directly contribute to a protective host response against M. tuberculosis infection.
Mycobacterium tuberculosis, the etiologic agent of tuberculosis, causes ∼3 millions deaths annually. Despite extensive analysis, the mechanisms of protective immunity remain poorly defined. Studies in human and mouse models indicate that both CD4 and CD8 ab T cells contribute to protective immune responses against M. tuberculosis. CD4 T cells produce interferong and tumor necrosis factor-a, which promote macrophage development and activation and granuloma formation [1] . In addition, both CD1 Ϫ and major histocompatibility complex class I-restricted CD8 ϩ T cells lyse M. tuberculosis-infected macrophages and kill intracellular bacteria through the release of perforin and granulysin [2] [3] [4] .
In humans, gd cells contain the highest frequency of M. tuberculosis-reactive T cells in the peripheral blood [5] . The predominant subset of M. tuberculosis-reactive gd T cells expresses a T cell receptor (TCR) encoded by Vg9 and Vd2 gene segments [6, 7] ; however, the extent to which and mechanisms by which these cells protect against human tuberculosis remain unclear. We reported earlier that Vg9/Vd2 T cell lines and clones kill M. tuberculosis-infected macrophages through the granule-exocytosis pathway and release effector molecules that kill intracellular M. tuberculosis [8] . Here we describe the mechanisms responsible for killing of M. tuberculosis bacilli by Vg9/Vd2 T cells.
Materials and Methods
Vg9/Vd2 T cell lines and clones. Polyclonal Vg9/Vd2 T cell lines were prepared as described elsewhere [8, 9] . In brief, peripheral blood mononuclear cells (PBMC) were obtained from healthy purified protein derivative-positive volunteers by use of Ficoll-Paque (Pharmacia) gradient centrifugation. PBMC (10 6 cells/mL) were incubated at 37ЊC, in the presence of 5% CO 2 , in RPMI 1640 medium (Gibco) supplemented with penicillin, streptomycin, 2 mM L-glutamine, 20 mM HEPES, 2-mercaptoethanol, and 10% pooled human AB ϩ serum, with mycobacterial 3-formyl-1-butyl-pyrophosphate (referred to as TUBAg1) [10] , at a final concentration of 1:1000 (which corresponds to 1 nM final concentration) [9] . Every 72 h, cultures were supplemented with 10 U/mL human recombinant interleukin-2 (rIL-2). After 14 days, cells were collected; washed 3 times in medium; and restimulated at 10 6 cells/ mL with TUBAg1 (final concentration, 1:1000), irradiated (3000 rad, cesium source) allogeneic PBMC (10 6 cells/mL), a lymphoblastoid B cell line (10 5 cells/mL), and 10 U/mL rIL-2. Cultures were harvested 30 days after the initial stimulation and were analyzed for cellular composition by flow cytometry. The cell lines used in these studies were 195% Vg9/Vd2 positive. The Vg9/Vd2 T cell clone G12 was derived from PBMC of a healthy donor, as described elsewhere [11] . Intracellular staining for perforin and granulysin. Vg9/Vd2 T cell lines or clone G12 was fixed with 4% (wt/vol) paraformaldehyde in PBS for 10 min at room temperature. Fixed cells were suspended and were washed twice with permeabilization buffer containing 0.1% saponin (Sigma), 1% heat-inactivated fetal calf serum (FCS), and 0.1% NaN 3 in PBS. The permeabilized cells then were incubated for 1 h at 4ЊC, in PBS containing 1% FCS, with the antiperforin monoclonal antibody (MAb) dG9 (2 mg/mL final concentration; Alexis Italia), the antigranulysin MAb DH4 (2 mg/mL final concentration), or an isotype-matched control MAb of irrelevant specificity. Cells were washed twice in PBS containing 1% FCS and were incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Sigma). After 2 more washes in PBS containing 1% FCS, the cells were analyzed with a FACScan flow cytometer (Becton Dickinson). Viable lymphocytes were gated by forward and side scatter, and analysis was performed on 10,000 acquired events for each sample.
Infection of macrophages with M. tuberculosis. M. tuberculosis H37Rv was grown in 7H9 broth (Difco Laboratories) containing 10% albumin dextrose catalase (ADC) supplement (Difco) and 0.05% Tween 80 (Sigma) to an OD 600 of 1, corresponding to a bacterial suspension of ∼10 8 cfu/mL. Human macrophages were derived from PBMC of healthy volunteers by Ficoll-Paque (Pharmacia) gradient centrifugation followed by an adherence step. In brief, PBMC were incubated on plastic tissue culture dishes precoated with pooled human AB ϩ serum at 37ЊC in the presence of 5% CO 2 . Five days later, nonadherent cells were discarded, and plastic-adherent cells were collected by scraping with a cell scraper. The cell suspension obtained contained 190% macrophages, as assessed by nonspecific esterase staining.
Human macrophages were seeded in 6-well plates at a density of cells per well. Adherent monolayers were infected with M. 6 3 ϫ 10 tuberculosis overnight at an MOI of 10:1. After extensive washing, macrophages were detached, and the efficiency of infection was determined by staining a sample portion with acid-fast auramine-rhodamine. About 85% of the cells were found to be infected with M. tuberculosis (mean, 3 bacteria/cell). At the end of the culture period, viability of infected macrophages was 80%-85%, as determined by trypan blue exclusion.
Coculture of Vg9/Vd2 T cells with M. tuberculosis-infected macrophages or extracellular M. tuberculosis. We cultured Vg9/Vd2 T cell lines or the G12 T cell clone ( cells) with M. tuberculosis- 5 5 ϫ 10 infected macrophages at a ratio of 25:1 for 24 h at 37ЊC. Cells then were washed to eliminate bacilli released from macrophages and were lysed with saponin to release intracellular bacteria before mycobacteria viability was determined. Alternatively, Vg9/Vd2 T cell lines or the G12 T cell clone ( cells) were cultured for 24 h at 37ЊC and were plated on 7H10 agar plates. Plates were sealed in plastic and were kept at 37ЊC, and the colonies were counted after 14-21 days. Viability of extracellular M. tuberculosis incubated with Vg9/ Vd2 T cells or their supernatants was assessed similarly.
Results
Vg9/Vd2 T cells kill both intracellular and extracellular M. tuberculosis. We examined 3 Vg9/Vd2 T cell lines (F2, F5, and F8 [8] ) and 1 T cell clone (G12 [11] ) that was previously shown to lyse M. tuberculosis-infected macrophages. We cocultured these Vg9/Vd2 T cells with either M. tuberculosisinfected macrophages or free M. tuberculosis bacterial suspension and measured bacterial viability 24 h later by the colonyforming units assay.
As shown in figure 1 , each of the 3 Vg9/Vd2 T cell lines and the G12 T cell clone reduced colony-forming units by 28%-55%, regardless of whether M. tuberculosis was growing in culture (extracellularly) or inside macrophages (intracellularly). Furthermore, this inhibition was abrogated when Vg9/Vd2 T cells were pretreated with Sr ϩϩ to induce degranulation, which indicates that killing of M. tuberculosis is largely granule dependent. Similar results were obtained in 3 different experiments.
Vg9/Vd2 T cells contain both perforin and granulysin, which kill M. tuberculosis. The above experiments indicate that Vg9/Vd2 T cells that kill M. tuberculosis through the granule-exocytosis pathway may release у1 mycobacteria-killing effector molecules. Because CD8 ϩ cytotoxic T lymphocytes can kill intracellular M. tuberculosis, we investigated the presence of perforin and granulysin in Vg9/Vd2 T cells by intracellular flow cytometry, using perforin and granulysin in cytotoxic granules [4] . Vd1 cytotoxic T cells also contain granulysin [12] . Figure 2A shows representative results obtained with 1 Vg9/ Vd2 T cell line. By single-cell staining analysis, perforin and granulysin were detected in the vast majority of Vg9/Vd2 T cells. As a control, pretreatment with Sr ϩϩ decreased the intensity of staining for perforin and granulysin, thus indicating the presence of both effector molecules in the cytotoxic granules of Vg9/Vd2 T cells. Similar results were obtained for all the Vg9/Vd2 T cell lines analyzed (data not shown).
We reported earlier that killing of both M. tuberculosisinfected macrophages and intracellular M. tuberculosis is significantly reduced in the presence of a perforin-specific MAb ( [8] ;
, in comparison with untreated cells; figure 2B ). P ! .001 Nevertheless, the same antiperforin MAb did not inhibit killing of extracellular M. tuberculosis by 3 different Vg9/Vd2 T cell lines and the G12 clone (figure 2B), which suggests that perforin is required for the killing of intracellular but not extracellular M. tuberculosis.
Because available antigranulysin antibodies do not neutralize granulysin activity (J. Kumar, personal communication), we used an immunoaffinity absorption approach to assess the role of granulysin in the killing mechanism. Vg9/Vd2 T cell lines or the G12 clone was degranulated by treatment with Sr ϩϩ , and the supernatants were absorbed on plates coated with antiperforin or antigranulysin MAbs to deactivate them. Supernatants then were collected and were tested for their ability to kill extracellular and intracellular M. tuberculosis. Figure 2C shows typical results (from 1 of 3 different experiments) obtained with 1 Vg9/Vd2 T cell line and with the clone G12.
Supernatants from Sr
ϩϩ -degranulated Vg9/Vd2 T cells efficiently killed both extracellular and intracellular M. tuberculosis and also killed M. tuberculosis-infected macrophages (65% lysis). However, when supernatants were depleted of granulysin, both intracellular and extracellular M. tuberculosis killing was abrogated-providing evidence that granulysin is the pivotal mycobactericidal molecule in Vg9/Vd2 T cells. In contrast, supernatants absorbed on antiperforin-coated plates lost the M. tuberculosis-killing activity for infected macrophages but retained efficient killing of suspended M. tuberculosis bacilli. These results confirm that perforin, although required for the killing of intracellular M. tuberculosis, does not possess direct microbicidal activity.
Discussion
There is increasing evidence that lysis of infected cells and killing of the invading pathogen contribute to immune protection against M. tuberculosis. The data in this study show that Vg9/Vd2 T lymphocytes efficiently kill extracellular and intracellular M. tuberculosis through release of the cytotoxic molecule granulysin. Of note, although granulysin kills both extracellular and intracellular M. tuberculosis, killing of the latter requires perforin. One likely explanation is the inability of granulysin to gain access to the phagolysosomal compartment where M. tuberculosis resides, which may be overcome by perforin, as already demonstrated [4] . Although other pore-forming molecules might be involved, perforin seems to play a key role in this process. Accordingly, recent studies performed with perforin-deficient mice indicate that this molecule is required for long-term protection against M. tuberculosis [13] .
It is likely that the mechanism leading to release of cytotoxic molecules from granules is a direct interaction of the Vg9/Vd2 TCR with nonproteic mycobacterial antigens, since the cytotoxic activity of Vg9/Vd2 is inhibited by MAbs to the gd TCR [8] and can be triggered by nonproteic molecules such as TUBAg1 and isopentenylpyrophosphate (data not shown). Although viable M. tuberculosis counts were reduced by only 25%-55% in our experiments, the slow bacterial growth during protracted tuberculosis, compared with the short duration of our in vitro assay (24 h), suggests that the cumulative antimicrobial effect mediated by Vg9/Vd2 T lymphocytes over time could be profound in terms of the number and viability of bacilli during the course of infection. Our results identify a novel protective mechanism through which Vg9/Vd2 T lymphocytes, by virtue of their ability to release cytotoxic and bactericidal molecules such as perforin and granulysin, could contribute to killing of microorganisms residing in intracellular compartments.
